have anti-HIV, anti-liver cancer and anti-inflammatory activities (Chen et al., 1997; Ryu et al., 2011; Xiaoyang et al., 2015) . In a previous study, we found that Gomisin G has promise as a therapeutic agent against triple-negative breast cancer cells via an AKT-cyclin D1 dependent mechanism (Maharjan et al., 2018) .
Apoptosis is an important cellular process characterized by regulated cell death. Collective evidence has shown that apoptotic cell death is a major target in the prevention and treatment of cancer (Ichim and Tait, 2016) . The phosphatidylinositol 3-kinase (PI3K) /AKT signaling pathway is vital for intracellular signal transduction processes such as proliferation, apoptosis, survival, cell cycle progression and differentiation (Fresno Vara et al., 2004; Osaki et al., 2004) . It has often been associated with the development and metastasis of various human cancers (Fresno Vara et al., 2004; Osaki et al., 2004) . The expression of phospho-AKT and AKT has been found to be higher in colorectal cancer tissues than healthy tissues ones (Johnson et al., 2010) .
The aim of the present study was to investigate the inhibitory effect of Gomisin G on growth, apoptosis, and cell cycle progression in a colon cancer cell line LoVo. We also examined the underlying mechanisms of action.
MATERIALS AND METHODS

Gomisins
Gomisin G, D, J, N and O were purchased from Biopurify Phytochemicals Ltd (Sichuan, China). The purity of the Gomisins were measured using an Agilent 1100 series high performance liquid chromatography (HPLC) system fitted with a RP-C18 column (Gemini, 5 µm, 4.6×250 mm; Phenomenex, Torrance, CA, USA) at room temperature as previously described (Maharjan et al., 2018) . A UV/VIS detector (Agilent Technologies, Santa Clara, CA, USA) was used to measure the absorbance at 220 nm. The mobile phase was 65% aqueous acetonitrile, and the flow rate was 3.0 mL/min. Its chromatogram showed 98% purity; thus, it was used without further purification.
Cell culture
The human colon cancer cell line LoVo was purchased from the Korean Cell Line Bank (Seoul, Korea). The LoVo cells were originated from a fragment of a metastatic tumor nodule. The LoVo cells were maintained in RPMI1640 (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific), 100 U/ml penicillin and 100 µg/ml streptomycin at 37°C in an atmosphere of 5% CO2.
MTT assay
The MTT assay was performed as previously described (Li et al., 2017) . LoVo cells were treated with Gomisin D, G, J, N and O each at a concentration of 0, 1, 5, and 10 µM, or with dimethyl sulfoxide (DMSO) as a control for 3 and 5 days. After the designated time, the cells were incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich, St. Louis, MO, USA) for 4 h at 37°C. The resultant formazan crystals were dissolved in DMSO, and the absorbance was detected at 570 nm using spectrophotometer (Molecular Devices, Orleans, CA, USA).
Colony formation assay
Five hundred cells per well were seeded in a 6 well-plate. After a 24 h incubation, the cells were treated with DMSO, Gomisin G (10 µM) or Gomisin O (10 µM) and incubated for a further ten days at 37°C. The cells were then washed with PBS and stained with 0.4% crystal violet in methanol for 1 h. Images of the colonies were captured using ChemiDoc (BioRad, Hercules, CA, USA).
Western blot analysis
Western blot was done as previously described (Shin et al., 2017) . Briefly, the cell lysates were centrifuged at 14,000 rpm and 4°C. The proteins were separated by SDS-PAGE and transferred to a nitrocellulose membrane. The membrane were blocked and probed with primary antibodies followed by incubation with HRP-conjugated secondary antibodies. The antibodies against PARP, caspase-3, ERK, phospho-ERK (pERK), AKT, pAKT, p38, pp38, Rb (retinoblastoma protein), pRb, and cyclin D1 were purchased from Cell Signaling Technology (Danvers, MA, USA), and antibody against β-actin was purchased from Sigma-Aldrich.
Annexin V and propidium iodide (PI) staining
To detect cell apoptosis, LoVo cells were treated with DMSO, Gomisin G (10 µM) or Gomisin O (10 µM) for 24 h and detached and washed with FACS buffer (1% FBS in PBS). The collected cells were resuspended in buffer containing annexin V (eBioscience, San Diego, CA, USA) for 15 min. at room temperature in the dark. The cells were washed and then incubated with PI (eBioscience) followed by analysis using a FACSCalibur (BD Biosciences, San Jose, CA, USA), and the data were analyzed with the Flowing software (Turku Centre for Biotechnology, Turun Yliopisto, Finland) (Sung et al., 2016) .
Cell cycle analysis
LoVo cells treated with DMSO, Gomisin G (10 µM) or Gomisin O (10 µM) for 72 h were detached, collected and washed with FACS buffer (1% FBS in PBS). The cells were fixed with ice-cold 70% ethanol in PBS at 4°C overnight. After fixation, the cells were washed and resuspended in buffer containing RNase (Sigma-Aldrich) for 30 min. at 37°C. The cells were then incubated with PI and immediately analyzed with FACSCalibur (BD Biosciences).
RESULTS
Gomisin G inhibits the growth of LoVo cells
A previous study showed that Gomisin G blocked the proliferation of MDA-MB-231 triple negative breast cancer cells (Maharjan et al., 2018) . To determine whether Gomisin G affects colon cancer cells, we investigated its effect on the viability of LoVo cells using the MTT assay. Treatment with Gomisin G significantly inhibited the growth of LoVo cells in a dose and time dependent manner (Fig. 1A) . We also performed similar experiments using Gomisin D, J, N and O, which are natural compounds with a backbone structure similar to Gomisin G. While treatment with Gomisin N exhibited a mild suppressive effect, the other compounds failed to inhibit the viability of the LoVo cells. Among these compounds, Gomisin O was further used as a negative control in this study (Fig. 1A) . To evaluate the long-term effect of Gomisin G, LoVo cells were grown in the presence of 10 µM Gomisin G for 10 days. As shown in Fig. 1B , there was a significant reduction in the numbers of colonies in the Gomisin G-treated wells. These data suggest that Gomisin G inhibits the growth of LoVo cells.
Gomisin G impairs the AKT signaling pathway in LoVo cells
Accumulated studies have shown the critical role of the Biomol Ther 27(2), 210-215 (2019) pAKT (60 kDa PI3K/AKT signaling pathway in the proliferation, development, and metastasis of many human cancers (Fresno Vara et al., 2004; Osaki et al., 2004) . To evaluate the role of the AKT signaling pathway in the Gomisin G-mediated inhibition of colon cancer cell growth, LoVo cells were treated with or without Gomisin G (10 µM), and western blot analysis was performed. Gomisin G treatment significantly reduced the phosphorylation level of AKT (Fig. 2) . However, Gomisin G had no effect on the MAP kinase pathway shown by the unaltered phosphorylation levels of ERK and p38. In contrast, Gomisin O did not affect the phosphorylation level of AKT. These data indicate that Gomisin G might suppress the growth of LoVo cells by inhibiting the AKT signaling pathway.
Gomisin G induces apoptosis in LoVo cells
To investigate whether apoptosis is involved in the growth inhibition of Gomisin G in LoVo cells, the cells were treated with or without Gomisin G (10 µM) for 24 h. FACS analysis was conducted to detect annexin V-positive cells. Fig. 3A shows that the apoptotic cell population increased by more than four fold in the Gomisin G-treated LoVo cells compared with the untreated, DMSO-or Gomisin O-treated cells. Caspases have a critical role in the implementation of programmed cell death (apoptosis) (Boatright and Salvesen, 2003; Parrish et al., 2013 ). An increased level of cleaved Caspase-3 was seen in Gomisin G-treated cells whereas no effect was seen in the Gomisin O-treated cells (Fig. 3B) . Cleavage of PARP is also regarded as a hallmark of apoptosis (Soldani and Scovassi, 2002) . Treatment with 10 µM Gomisin G for 24 h elicited PARP cleavage (Fig. 3B) . These results taken together demonstrate that Gomisin G effectively induces apoptosis in LoVo cells.
Effect of Gomisin G on the cell cycle progression of LoVo cells
FACS analysis of LoVo cells treated with or without Gomisin G showed DNA patterns representing sub-G1, G1, S, and G2M phases of the cell cycle. Gomisin G-treated LoVo cells showed a significantly higher population at the sub-G1 (S-G1) phase compared with the untreated, DMSO-or Gomisin O-treated cells. The higher percentage of the S-G1 phase implies induction of apoptosis by Gomisin G. Treatment with Gomisin G led to a decrease in the population of cells in the G1 and G2M phase of the cell cycle. The G1 to G2/M ratio was higher in the Gomisin G-treated sample which implies moderate cell cycle arrest at the G0-G1 phase (Fig. 4A) . Overexpression of cyclin D1 has been associated with the maintenance and development of cancer (Qie and Diehl, 2016) . To illustrate the mechanism of cell death, we observed the expression of cyclin D1 and Rb, important cell cycle regulatory proteins (VanArsdale et al., 2015) . Following the treatment of Gomisin G (10 µM), the levels of cyclin D1 and phosphorylated Rb were slightly decreased (Fig. 4B) . Therefore, these results imply that cell cycle progression in the LoVo cells is impaired by the treatment with Gomisin G.
DISCUSSION
Natural products from a vast range of natural sources such as plants, micro-organisms, marine organisms, and animals have excellent therapeutic significance since ancient times (Newman and Cragg, 2016) . There have been numerous anticancer drugs derived from natural sources which have been identified and approved for use against various cancers (Newman and Cragg, 2016). The lignans in the fruit of Schisandra chinesis have been extensively used as oriental medicine. These natural compounds have been reported to possess a wide range of therapeutic activities such as hepatoprotective, antioxidant, anticancer, and chemoprotective (Opletal et al., 2004; Choi et al., 2006; Min et al., 2008; Park et al., 2014) . In particular, Gomisin G showed an anti-tumor effect by inducing cell cycle arrest and the inhibition of AKT-cyclin D1 signaling in MDA-MB-231 triple negative breast cancer cells (Maharjan et al., 2018) . Given the high death rate of colon cancer patients, the relapse of cancer even after surgery, and the prevailing toxicity and inadequate response rate to current therapeutic regimens (Arnold et al., 2017) , there has been immense pressure to identify promising natural anticancer agents that have low toxicity. Here, we show that Gomisin G has potential as a therapeutic agent against colon cancer.
The fundamental mechanism by which tumor cells oppose death is gaining resistance to apoptosis, and thus, it is a crucial point in the development of anticancer drugs (Fresno Vara et al., 2004; Danielsen et al., 2015) . In this study, we found that Gomisin G significantly suppressed the viability of the colon cancer cell line LoVo. In addition, colony formation was sharply reduced in Gomisin G-treated cells, which further supports the growth-inhibitory action of Gomisin G (Maharjan et al., 2018) . Moreover, the results of Annexin V and PI staining indicate that Gomisin G induced apoptosis in the LoVo cells.
There are two ways by which the apoptotic signaling exerts oncogenic effects: one is through the intrinsic (the mito- chondrial) pathway and the other through the extrinsic (death receptor) pathway (Ichim and Tait, 2016) . Caspases are the fundamental proteins known to be involved in apoptotic cell death (Boatright and Salvesen, 2003; Parrish et al., 2013) . In both pathways, Caspase-3 is the vital effector protein of apoptosis, which is activated by signals from initiator caspases like Caspase-8 and Caspase-9 (Boatright and Salvesen, 2003; Parrish et al., 2013) . One of the regulatory cellular substrates of caspase is PARP, and its cleavage is regarded as a characteristic of apoptosis (Kaufmann et al., 1993; Soldani and Scovassi, 2002; Chaitanya et al., 2010) . In this study, we found an increased level of cleaved Caspase-3 in Gomisin G-treated cells. Furthermore, we also observed a prominent increase of cleaved PARP when the LoVo cells were treated with Gomisin G. These data suggest that Gomisin G induces apoptosis by regulating PARP and Caspase-3. PI3K/AKT is one of the important intracellular signaling pathways regulating cell growth, proliferation, differentiation, metabolism, survival and apoptosis (Fresno Vara et al., 2004; Engelman, 2009; Danielsen et al., 2015) . Several studies have reported frequent aberrant expression of PI3K/AKT signaling in cancer pathogenesis (Vivanco and Sawyers, 2002) . Furthermore, PI3K/AKT signaling has a vital role in the development, maintenance, and metastasis of colorectal cancer (Engelman, 2009; Malinowsky et al., 2014; Danielsen et al., 2015) . Therapeutic molecules inhibiting PI3K/AKT signaling have been recommended for use against colon cancer. (Engelman, 2009; Malinowsky et al., 2014; Danielsen et al., 2015) . Previously, we found that Gomisin G diminished AKT phosphorylation in MDA-MB-231 breast cancer cells (Maharjan et al., 2018) . Accordingly, the treatment of LoVo cells with Gomisin G also effectively inhibited the phosphorylation of AKT while the treatment with Gomisin O did not induce any changes in AKT phosphorylation. A very well-known protein that regulates cell cycle progression is cyclin D1, which is found to be overexpressed in human colorectal cancer cells (Ogino et al., 2009) . Targeting cyclin D1 is considered to be an important factor in colorectal cancer prevention (Alao, 2007; Ogino et al., 2009) . Another key regulator of cell cycle progression is the Rb protein, which binds and secludes transcription factor E2F. As a result, the synthesis of cell cycle genes are blocked (VanArsdale et al., 2015) . Our data show that Gomisin G treatment lead to a noticeable reduction of cyclin D1 and phosphorylated Rb protein. In addition, prolonged treatment of the LoVo cells with Gomisin G for 72 h led to a remarkable accumulation of the cells at the sub-G1 phase which represents apoptotic cells (Ormerod, 1998; Darzynkiewicz et al., 2010) . Although Gomisin G induced cell cycle arrest without involving the process of apoptosis in MDA-MB-231 triple negative breast cancer cells, it efficiently triggered cell cycle arrest and apoptosis in the LoVo cells.
In conclusion, our current study provides insight into the suppressive effect of Gomisin G in colon cancer cells through an increment of apoptosis and a reduction of proliferation involving AKT and cyclin D1. These findings show that Gomisin G has potential as a therapeutic agent for colon cancer; however, further studies are required to further verify its antitumor activity.
